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Neuronal nitric oxide synthase (nNOS) is implicated in some developmental processes, including neuronal survival, differentiation, and
precursor proliferation. To define the roles of nNOS in neuronal development, we utilized the olfactory system as a model. We hypothesized
that the role of nNOS may be influenced by its localization. nNOS expression was developmentally regulated in the olfactory system. During
early postnatal development, nNOS was expressed in developing neurons in the olfactory epithelium (OE), while in the adult its expression
was restricted to periglomerular (PG) cells in the olfactory bulb (OB). At postnatal week 1 (P1W), loss of nNOS due to targeted gene deletion
resulted in a decrease in immature neurons in the OE due to decreased proliferation of neuronal precursors. While the pool of neuronal
precursors and neurogenesis normalized in the nNOS null mouse by P6W, there was an overgrowth of mitral or tufted cells dendrites and a
decreased number of active synapses in the OB. Cyclic GMP (cGMP) immunostaining was reduced in the OE and in the glomeruli of the OB
at early postnatal and adult ages, respectively. Our results suggest that nNOS appears necessary for neurogenesis in the OE during early
postnatal development and for glomerular organization in the OB in the adult. Thus, the location of nNOS, either within cell bodies or
perisynaptically, may influence its developmental role.
D 2004 Elsevier Inc. All rights reserved.Keywords: Neuronal nitric oxide synthase; Neurogenesis; Olfactory neurons; Olfactory glomerulus; Synapse; DevelopmentIntroduction
Since its recognition as a physiological mediator, nitric
oxide (NO) has been implicated in many processes, includ-
ing vasodilatation, inflammation, muscle contractility, and
neurotransmission (Baranano et al., 2001). NO is produced
by nitric oxide synthase (NOS) during the conversion of L-
arginine to citrulline, with the participation of NADPH as a0012-1606/$ - see front matter D 2004 Elsevier Inc. All rights reserved.
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E-mail address: gronnett@jhmi.edu (G.V. Ronnett).cofactor (Feldman et al., 1993). In the CNS, the roles of NO
are particularly diverse and include neuronal differentiation,
neuronal survival, and synaptic plasticity (Lev-Ram et al.,
1997). NO also plays a role in pathological processes in the
CNS, such as neuronal death and neurodegeneration (Daw-
son and Dawson, 1998). Three isoforms of NOS exist and
include neuronal nitric oxide synthase (nNOS), of which
there are several splice variants (Alderton et al., 2001),
endothelial NOS (eNOS), and inducible NOS (iNOS)
(Paakkari and Lindsberg, 1995). Of the three isoforms of
NOS described, neuronal NOS (nNOS) is the principal form
expressed in the brain (Liu et al., 2002), although eNOS and
iNOS are found in other cell types in the CNS (Dinerman et
al., 1994).
nNOS functions in both neuronal development and
maturation, sometimes in conflicting roles (Gibbs, 2003;
Holscher, 1997; Kuzin et al., 1996; Mize and Lo, 2000;
Truman et al., 1996). Evidence indicates that nNOS may
play a role during neurogenesis as well as during growth
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Peunova and Enikolopovc, 1995; Phung et al., 1999). NO
may also promote neurogenesis after brain injury (Gibbs,
2003; Lu et al., 2003; Zhang et al., 2001). NO production is
also regulated during periods of peak synaptogenesis in an
activity-dependent manner (Contestabile, 2000; Ogilvie et
al., 1995). The role that NO plays may depend upon its site
of production, as nNOS expression is dynamic during
development and postnatally (Roskams et al., 1994). nNOS
is highly expressed in the cortical plate during embryogen-
esis (Bredt and Snyder, 1994), while it is localized to
discrete neuronal populations in the adult rodent (Bredt et
al., 1990, 1991), including many types of interneurons. Its
function may depend on whether it is expressed pre- or
postsynaptically (Arancio et al., 1996; Cramer et al., 1996;
Gibbs and Truman, 1998; Hawkins et al., 1994).
NO modulates several signaling systems, and the effect
that NO has on a specific cell may depend upon which
messenger system is affected. Soluble guanylyl cyclase
(sGC) is the most recognized target of NO (Van Wagenen
and Rehder, 2001). When activated by NO, sGC generates
cyclic GMP (cGMP) to affect numerous downstream tar-
gets, including channels and protein kinases (Firestein and
Bredt, 1998; Gudi et al., 1999; Linden et al., 1995; Pineda et
al., 1996). Additionally, NO can promote the S-nitrosylation
of proteins to contribute to the formation of peroxynitrite
and hydroxyl radicals to produce deleterious results (Beck-
man et al., 1990; Koppenol et al., 1992; Radi et al., 1991).
NO exerts many of its functions through S-nitrosylation of
proteins (Stamler, 1994). S-nitrosylation appears to be
involved in the regulatory mechanisms of many cellular
activities, including signal transduction, DNA repair, blood
pressure, and neurotransmission (Stamler, 1994). In the
olfactory system, S-nitrosylation of olfactory cyclic nucleo-
tide-gated channel could be important for sensory transduc-
tion in olfaction (Broillet and Firestein, 1996a). NO may
also interact with factors, such as brain-derived neurotrophic
factor, to influence neurodevelopment (Cheng et al., 2003).
The olfactory system may serve as a pertinent model for
investigation of the relationship between the spatiotemporal
expression of nNOS and its role in neuronal homeostasis.
The olfactory epithelium (OE) located within the nasal
cavity contains several cell types, including immature and
mature olfactory receptor neurons (ORNs), sustentacular
supporting cells, and basal cells (Mackay-Sim and Chuah,
2000). ORNs undergo apoptosis throughout life and are
replaced through proliferation and neurogenesis of a subset
of the basal cell population (Calof and Chikaraishi, 1989;
Graziadei and Monti-Graziadei, 1978). As daughter cells
and immature ORNs mature, they move apically within the
epithelium, permitting correlation of age with position
(Calof and Chikaraishi, 1989; Calof et al., 1996a). ORN
axons synapse in the olfactory bulb (OB) on mitral and
tufted cells in highly organized structures termed glomeruli
(Kasowski et al., 1999; Shepherd and Greer, 1990). The OB
maintains a dynamic organization due to the continuousturnover of peripheral afferent inputs (Kasowski et al., 1999;
Philpot et al., 1997; Smith et al., 1991).
In regards to nNOS specifically, its localization in the
olfactory system supports the use of this system as a model
for studying the function of nNOS during development
(Weruaga et al., 2000). nNOS is highly expressed in
developing ORNs during embryogenesis (Roskams et al.,
1994), similar to its expression in the developing cortex
(Bredt and Snyder, 1994). As in the brain postinjury, nNOS
expression is up-regulated after lesioning of the olfactory
bulb, which causes retrograde neuronal degeneration and
repopulation of the epithelium (Weruaga et al., 2000). nNOS
is absent from ORNs in the adult, similar to other primary
sensory neurons (Arnhold et al., 1997; Bredt and Snyder,
1994; Broillet and Firestein, 1996b; Weruaga et al., 2000).
However, nNOS is expressed in the periglomerular (PG)
cells and granule cells in the main olfactory bulb (Kishimoto
et al., 1993; Roskams et al., 1994; Weruaga et al., 2000). PG
cells dendrites, excited directly by ORNs and indirectly by
the mitral cells, exert dendrodendritic inhibition in return on
mitral cells. Their axons project to neighboring glomeruli to
produce lateral inhibition. This local neuronal circuit in the
bulb mediates lateral inhibition among glomerular modules
to sharpen the tuning specificity of output neurons (Mori et
al., 1999). However, the role of nNOS in PG cells is not well
understood.
In this study, we have utilized mice with targeted deletion
of the gene for nNOS to investigate how the roles of nNOS
evolve, given the developmentally regulated changes in the
patterns of nNOS expression in the olfactory system. Our
results demonstrate that even within one group of neurons,
the function of nNOS changes with development in concert
with the changes in the pattern of nNOS expression. These
findings may provide clarification as to the conflicting roles
of nNOS in neuronal development.Experimental methods
Experimental animals
All experimental protocols were approved by the Johns
Hopkins University Institutional Animal Care and Use
Committee, and all applicable guidelines from the National
Institutes of Health Guide for the Care and Use of Labora-
tory Animals were followed. nNOS null mice and control
mice were initially obtained from Ted M Dawson (Johns
Hopkins University School of Medicine). Wild-type (WT)
(male) and homozygous nNOS null mice (male) were raised
to adulthood (6 weeks) in our laboratory. Genotypes of mice
were determined by PCR analysis of tail DNA. Primers:
nNOS wild-type alleles: 5V-CTT TCATCT CTG CTT TGG
CTG G-3V and 5V-ATC TCA GAT CTG ATC CGA GGA G-
3V; nNOS mutant alleles: 5V-TTC CAT CCG AGT ACG
TGC TCG CTC-3V and 5V-AGC TGT GCT CGA CGT TGT
CAC TG-3V.
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Animals were anesthetized with Xylaket (25% ket-
amine–HCl, 100 mg/ml:2.5% Xylazine 100 mg/ml:14.2%
ethanol) and perfused with phosphate-buffered saline (PBS;
pH 7.4) followed by Bouin’s fixation (Sigma, St. Louis,
MO) or 4% freshly depolymerized paraformaldehyde (PFA)
fixative. Tissue was then dissected, postfixed overnight in
Bouin’s or 4% PFA at 4jC. The following day, blocks were
washed in PBS, pH 7.4, and cryoprotected using 30%
sucrose in PBS. Tissues were then embedded in Tissue-
tekk and sections were cut on a cryostat. Frozen 16–18 Am
sections were mounted on Superfrost Plusk slides (Fisher
Scientific, Newark, DE) for immunohistochemistry. For
embryonic tissue, paraffin sections were obtained from
Novagen (Madison, WI).
Immunohistochemistry
Sections were blocked for 1 h in PBS containing 4%
normal serum and then incubated with the following
primary antibodies overnight at 4jC: goat anti-OMP
(1:5000, gift from Frank Margolis at the University of
Maryland); mouse anti-tubulin type III (neuronal-specific
tubulin; NST) [neuron-specific class III h-tubulin (TuJ1);
1:1000, CRP, Denver, PA); rabbit anti-Olf-1/EBF-like
protein (O/E-1; 1:100, gift of Dr. Randall Reed at the
Johns Hopkins University School of Medicine, HHMI);
rabbit anti-Pax-6 (1:300, gift of Randall Reed); rabbit anti-
tyrosine hydroxylase (TH; 1:250, Chemicon, Temescula,
CA); and rabbit anti-nNOS (1:1000, Zymed, San Fran-
cisco, CA). Antigen detection was performed using an
avidin–biotin–peroxidase kit (Vector Lab Inc., Burlin-
game, CA) and visualized with diaminobenzidine. Coronal
sections of the epithelium of WT and knockout mice were
traced at 20 magnification using a Zeiss Axiophot
microscope. Images were captured and quantities using
Openlab 3.0.9 software (Improvision Inc., Lexington,
MA). We counted the sections only when all turbinate
were fully visible. Ten sections were used per animal per
experiment. Sections from null and WT mice were
matched for both size and depth within the olfactory
region. Four to five animals were measured per group.
All immunopositive cells were counted within defined
layers.
cGMP immunohistochemistry
Animals were anesthetized and perfused with PBS fol-
lowed by 4% freshly depolymerized PFA. Tissue was then
dissected, postfixed overnight in 4% PFA at 4jC. The
following day, blocks were cryoprotected using 30% su-
crose in PBS, embedded in Tissue tekk, and sections were
cut on a cryostat. Sections were permeabilized by incubation
in 0.2% (w/v) Triton X-100 for 30 min, blocked for 1 h in
PBS containing 4% rabbit serum (for anti-cGMP antibody),and incubated with the following sheep anti-cGMP antibody
(1:10,000, from H.W.M. Steinbusch) overnight at 4jC.
Antigen detection was performed using an avidin–biotin–
peroxidase kit (Vector labs, Burlingame, CA) and visualized
with diaminobenzidine.
Bromodeoxyuridine (BrdU) labeling and detection in vivo
To label dividing cells, 6-week-old animals were given a
single dose (50 mg/kg body weight) of BrdU (5-bromo-2V-
deoxyuridine labeling and detection kit II, Boehringer
Mannheim Biochemicals, Indianapolis, IN) intraperito-
neally. After 24 h, mice were perfused with Bouin’s
fixative and prepared for immunohistochemistry as de-
scribed. Incubating the slides in 2N HCl for 60 min at
37jC and then neutralizing the acid by immersing the
slides in PBS denatured DNA. Sections were incubated at
room temperature with antibody against BrdU (1:16,
Boehringer Mannheim) for 60 min at room temperature.
Sections were incubated with anti-mouse-Ig-AP working
solution for 30 min at 37jC and then developed with
freshly prepared color substrate solution. Ten sections from
each animal were counted. Four to five animals were
measured per group.
Terminal uridine deoxynucleotidyl nick end labeling
(TUNEL)
Tissue sections were washed with 0.1 M Tris (pH 8.0) for
10 min, incubated in 5 Ag/ml proteinase K for 15 min, then
rinsed three times in 0.1 M Tris (pH 8.0) for 5 min each.
Sections were incubated in TDT buffer (30 mM Tris–HCl,
140 mM sodium cacodylate, 1 mM cobalt chloride, pH 7.2)
for 10 min at room temperature before end labeling of DNA
fragments with biotinylated dUTP as follows: 100 Al of
reaction mixture (40 AM biotinylated dUTP in TDT buffer
plus 0.3 U/ml terminal transferase) was placed onto the
sections and incubated for 1 h at 37jC. The reaction was
stopped by a rinse in 0.1 M Tris buffer (pH 7.2) for 10 min.
Sections were blocked with 2% BSA in PBS, and biotiny-
lated DNAwas detected by an avidin–biotin–peroxidase kit
(Vector labs) and visualized with diaminobenzidine.
TUNEL-positive cell counting was performed at 40 mag-
nifications. Ten sections from each animal were used and
total length of epithelium analyzed in each animal totaling
about 15 mm in length. Four to five animals were measured
for each group.
Image processing
Photomicrographs were taken on a Zeiss Axiophot mi-
croscope. Images were captured using a Micromax digital
camera (Princeton Instruments Inc.). The resulting digital
images were density- and contrast-balanced and formatted
into montages by using Adobe Photoshop software (version
6.0; Adobe Systems Inc., San Jose, CA).
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Tissue sections were stained as described previously with
primary antibodies against olfactory marker protein (OMP;
1:5000, gift of Frank Margolis, University of Maryland,
Baltimore, MD), mouse anti-tubulin type III (TuJ1; 1:1000,
CRP), and synaptophysin (1:100, DAKO). Secondary anti-
bodies were purchased from Jackson Immunoresearch Lab-
oratories Inc. (West Grove, PA): Cy3 donkey anti-rabbit IgG
(1:500), FITC donkey anti-rabbit (or mouse) IgG (1:500),
and Cy2 donkey anti-goat IgG (1:100).
Image analysis
Fifty-micrometer mounted sections processed for immu-
nohistochemistry were visualized and images were collect-
ed using a Zeiss Axiovert 200 scanning confocal
microscope equipped with a Kr/Ar laser. Serial digital
images were collected from a single optical plane, approx-
imately 1 Am thick, and were merged to obtain for
reconstruction. To minimize regional differences in orga-
nization or maturation of the OB, data acquisition and
analysis were focused on sections taken from midway
along the rostral–caudal axis. A quantitative analysis of
the colocalization for OMP and synaptophysin was mea-
sured on a pixel-by-pixel basis by using the Colocalization
Analysis Tool of the Ultraview Imaging Software Spatial
Module (Perkin Elmer, Wellesley, MA). The intensity in
each channel was analyzed for every pixel and displayed as
a single point in a two-dimensional histogram. The x and y
coordinates of each point represent the intensities in red
and green channels, respectively. The number of occurren-
ces of each x and y pair was presented by a scale value. In
such two-dimensional histograms, two perfectly correlated
images show up as a straight line along the diagonal; anti-
correlated images result in two lines along the two axes
and uncorrelated images exhibit a broad, unstructured
distribution.Results
nNOS displays reciprocal expression in ORNs and the
olfactory bulb during development
Our previous studies showed that nNOS is expressed in
developing ORNs in the rat during embryonic and early
postnatal ages (Roskams et al., 1994) and is progressively
reduced thereafter, becoming undetectable in ORNs in the
adult. As a prerequisite for examination of the consequences
of nNOS deficiency to neuronal homeostasis, we deter-
mined the pattern of nNOS expression in the olfactory
epithelium (OE) and olfactory bulb (OB) of WT mice of
the same strain as the null mice (Fig. 1). At postnatal week 1
(P1W), nNOS immunoreactivity was predominantly visual-
ized in immature neurons (Fig. 1A). By P2W and beyond,nNOS immunoreactivity became undetectable in the mouse
OE (Figs. 1C and E).
In contrast to the OE, nNOS immunoreactivity in the OB
increased with age. At P1W, faint nNOS immunostaining
was associated with the presumptive OB (Fig. 1B). By P2W,
nNOS expression was increased (Fig. 1D), and by P6W
nNOS was clearly expressed in PG cells and their processes
(Fig. 1F). Antibody specificity was evaluated using nNOS
null mice (Figs. 1G and H). As expected, nNOS immuno-
reactivity was absent from the OE or submucosa and OB of
nNOS null mice (Figs. 1G and H). It is reported that nNOS-
positive neurons in the periglomerular region of the olfac-
tory bulb are GABAergic (Crespo et al., 2003). Double
labeling immunofluorescence for nNOS (red) and TH
(green) revealed that nNOS does not localize to TH-positive
cells (Fig. 1I). These results indicate that nNOS is expressed
in developing neurons at early postnatal ages, where it may
function as an autocrine or paracrine factor, while in adult
mice nNOS is restricted to PG cells in the OB, where nNOS
is positioned to function as a target-derived factor. This
pattern of localization was exploited to evaluate the role of
nNOS as an autocrine or paracrine factor and as a target-
derived factor in neuronal development.
nNOS-deficient mice demonstrate a transient decrease in
the number of immature neurons at early postnatal ages
The expression of nNOS in developing neurons within
the OE suggests that nNOS plays a role in neurogenesis
(Roskams et al., 1994). Several reports indicate that nNOS
functions as a negative regulator of neuronal precursor
proliferation (Packer et al., 2003; Park et al., 2001; Peunova
et al., 2001). To investigate the role of nNOS in neuro-
genesis in the olfactory system, when nNOS is expressed
within the OE, we employed stage-specific developmental
markers to determine the effect of nNOS deficiency on the
numbers of neuronal precursors and ORNs. Neuronal
daughter cells and immature ORNs express neuron-specific
tubulin (NST) (Lee and Pixley, 1994; Roskams et al., 1998).
Neuron-specific growth-associated protein B-50/GAP-43 is
also associated with immature ORNs. The pattern of ex-
pression of B-50/GAP-43 in the OE during postnatal devel-
opment is well described (Verhaagen et al., 1989). B-50/
GAP-43 is most abundant in immature neurons that are
actively extending axons, and its expression is decreased
dramatically upon neuronal maturation and synapse forma-
tion (Benowitz and Routtenberg, 1997). Mature ORNs are
located more apically and express olfactory marker protein
(OMP), a cytoplasmic protein (Margolis, 1980). As ORNs
mature, NST and B50/GAP-43 expression decrease (Ros-
kams et al., 1998) while OMP expression increases. All of
these markers are useful to identify the populations of
immature and mature ORNs in the OE (Simpson et al.,
2002).
Immunohistochemistry for NST was performed on
matched coronal sections from P1W, P2W, and P6W WT
Fig. 1. Expression of nNOS in mouse OE and OB. nNOS was detected immunohistochemically and visualized using DAB in the OE (A, C, and E) and in the
OB (B, D, and F). (A) nNOS immunoreactivity was visualized in ORNs located throughout the OE, but was predominantly expressed in immature neurons.
(C) nNOS immunostaining was absent from the OE at P2W. (E) nNOS was also not detectable in the adult. (B) Faint nNOS immunostaining was associated
with the presumptive OB at P1W. (D) nNOS immunostaining was associated with forming glomeruli by P2W. (F) At P6W, nNOS was expressed in PG cells
and their processes. (G and H) There was no signal detected in the OE and OB of nNOS null mice using these antibodies to nNOS. Dashed black lines indicate
the position of the basal lamina. (I) Double staining of nNOS (red) and TH (green) in the olfactory bulb of WT at P6W. No colocalization of nNOS-positive PG
cells and TH-positive PG cells was observed. Scale bar = 50 Am.
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using an isoform-specific antibody, TuJ1, which recognizes
the unique C-terminus of tubulin type III (Lee et al., 1990).
At P1W, when neurogenesis is robust and predominantly
immature ORNs populate the OE (Margolis et al., 1991;
Verhaagen et al., 1990a), NST-positive cell bodies were
distributed throughout layers of OE (Fig. 2A). Cell bodies,Fig. 2. NST expression in the OE of WT and nNOS null mice. NST was
detected immunohistochemically and visualized using DAB. (A) NST-
positive cells were distributed in the middle and upper layers of OE in WT
mice at P1W, when neurogenesis is still robust. Cell bodies, axons, and
dendrites were visualized. (B) Less NST immunoreactivity was observed in
the OE of nNOS null mice at P1W than in WT. (C) By P2W in WT mice,
NST immunoreactivity was associated with cells in the lower one-half of
the OE. (D) NST immunostaining remained reduced in null mice at P2W.
(E) In adult WT mice, NST-positive cells were uniformly distributed along
the basal lamina, and extended two to three cell layers apically. (F) The
number and distribution of NST-positive cells appeared to normalize by
P6W in nNOS null mice. Dashed black lines indicate the position of the
basal lamina. (G) Quantification of NST-positive cell numbers in WT and
nNOS null mice. NST cell numbers in nNOS null mice were decreased
significantly when compared with WT OE at P1W ( P < 0.001). No
significant changes were found between WT and nNOS null mice at P2W
( P > 0.05). The number of NST-positive cells in nNOS null mice was
increased significantly compared with WT animal at P6W ( P < 0.05).
Values are reported as the meanF SEM. P values were calculated using the
Student’s t test; *P < 0.05, ***P < 0.001. For each graph, n represents the
number of counts, 10 sections per animal from four to five animals in each
group. Scale bar = 50 Am.axons, and dendrites were visualized by NST immunostain-
ing (Fig. 2A). By P2W, NST-positive cell bodies in WT
mice have begun to assume positions in the lower one-half
of the OE, as mature NST-negative cells increase in number
(Fig. 2C). In adult WT mice (P6W), NST-positive cells were
uniformly distributed along the basal lamina and extend two
to three cell layers apically (Fig. 2E). These findings were
consistent with a previous report that NST expression
decreases as ORNs mature (Roskams et al., 1998). In
contrast to WT mice, nNOS null displayed fewer NST-
immunopositive cell bodies at P1W (Figs. 2B and G; P <
0.01). Most of positive cells were abnormally distributed in
apical regions of the OE. At P2W, NST-immunopositive
cells were increased in number, but the distribution of their
cell bodies was disorganized compared to WT (Fig. 2D). No
significant changes were found between WT and nNOS null
mice at P2W (Fig. 2G; P > 0.05). However, by P6W, NST-
immunopositive neurons assumed a more basal position
resembling their distribution in the WT (Fig. 2F). The
number of NST-positive cells in nNOS null mice was
increased significantly compared with WT animal at P6W
(Fig. 2G; P < 0.05).
To confirm these results using another marker, GAP-43
immunoreactivity was evaluated (Fig. 3). At P1W in the
WT, GAP-43-postive cells were in the middle and apical
areas of the OE (Fig. 3A). At P2W in the WT, GAP-43
immunoreactivity was detected in the middle and lower
regions of the OE (Fig. 3C). By P6W, GAP-43 staining cell
bodies were restricted to the lower one-third of the OE (Fig.
3E). As seen by NST immunostaining, the number of GAP-
43-immunopositive cells was reduced in the nNOS null
mice at P1W (Figs. 3B and G; P < 0.001). Although the
organization of NST-positive cells appeared disrupted at
P2W, no significant difference was found in the number of
NST-positive cells between WT and nNOS null mice at
P2W (Figs. 3D and G; P > 0.05). By P6W, there was
actually a greater number of GAP-43-positive cells in null
compared to WT mice (Figs. 3F and G; P < 0.05).
Collectively, these results suggest that when distributed
within the OE in neurons and their precursors, nNOS plays
a role in precursor proliferation. As neurons mature and
nNOS expression is abolished, nNOS no longer appears to
regulate the numbers of immature neurons, and the popula-
tion of precursor cells appears to normalize.
nNOS deficiency affects neuronal maturation at later
postnatal ages
OMP immunohistochemistry was performed to evaluate
whether nNOS deficiency affected the maturation of ORNs.
As previously reported (Farbman and Margolis, 1980;
Kream and Margolis, 1984; Verhaagen et al., 1989,
1990b), OMP immunoreactivity is localized in the cell
bodies, dendrites, and axons of mature ORNs, which are
in the upper one-third of the OE at P1W (Figs. 4A, C, and
E). At early postnatal ages, there was no difference in OMP
Fig. 4. OMP expression in the OE of WT and nNOS null mice. OMP was
detected immunohistochemically and visualized using DAB. (A) At P1W,
OMP immunostaining was observed in mature olfactory neurons in the
upper one-third of the epithelium in the WT; axon bundles were also
stained. (B) OMP immunostaining was not visibly affected by nNOS
deficiency at P1W. OMP immunoreactivity remained similar between WT
(C) and nNOS null mice (D) at P2W. (E) At P6W in the WT, OMP
immunostaining was visualized in mature ORNs, which occupy the upper
two-thirds of the OE. (F) In nNOS P6W null mice, the number of cell
bodies visualized by OMP was increased. Dashed black lines indicate the
position of the basal lamina. (G) Quantification of OMP-positive cell
numbers in WT and nNOS null mice. No significant differences were found
between WT and nNOS null mice at P1W and P2W ( P > 0.05). OMP-
positive cell number in nNOS null mice increased significantly compared
with WT animal at P6W ( P < 0.05). Values are reported as the mean F
SEM. P values were calculated using the Student’s t test; *P < 0.05. For
each graph, n represents the number of counts, 10 sections per animal from
four to five animals in each group. Scale bar = 50 Am.
Fig. 3. GAP-43 expression in the OE of WT and nNOS null mice. GAP-43
was detected immunohistochemically and visualized using DAB. (A) GAP-
43 staining was observed in ORN cell bodies, dendrites, and axon bundles,
which were located in the middle and upper levels of OE at P1W WT. (B)
Less GAP-43 immunoreactivity was detected in P1W nNOS null mice OE;
GAP-43-positive neurons were expressed in the middle layer of OE in WT.
(C) At P2W in the WT, GAP-43-positive cells occupy the middle one-third
of the OE. (D) There are still fewer GAP-43-posiive cells in nNOS null
mice at P2W. (E) In the adult, GAP-43 immunostaining was observed in the
lower one-third of the OE, which contains immature neurons. (F) In P6W
nNOS null mice, the intensity and numbers of GAP-43 staining were
generally indistinguishable from WT. Dashed black lines indicate the
position of the basal lamina. (G) Quantification of GAP-43-positive cell
numbers in WT and nNOS null mice. GAP-43 cell numbers in nNOS null
mice were decreased significantly when compared with WT OE at P1W
( P < 0.001). No significant changes were found between WT and nNOS
null mice at P2W ( P > 0.05). The number of GAP-43-positive cells in
nNOS null mice was increased significantly compared with WT animal at
P6W ( P < 0.05). Values are reported as the mean F SEM. P values were
calculated using the Student’s t test; *P < 0.05, ***P < 0.001. For each
graph, n represents the number of counts, 10 sections per animal from
four to five animals in each group. Scale bar = 50 Am.
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4A–D and G). However, at P6W, OMP immunostaining
was increased in nNOS null mice, and the number of cells
expressing OMP appeared greater than in WT mice (Figs.
4E–G; P < 0.05). These data, in combination with the
results for NST and GAP-43, suggested that nNOS defi-
ciency resulted in a transient decrease in the number of
immature neurons at early postnatal ages while the matura-tion of ORNs was not affected. At later ages, it appeared
that the immature neuronal population was not affected but
that there were actually more mature neurons present.
Proliferation and apoptosis are affected in nNOS-deficient
mice, altering the composition of the ORN population
Several possibilities could account for our observation
that the numbers of immature and mature neurons appeared
J. Chen et al. / Developmental Biology 269 (2004) 165–182172altered in nNOS null mice. These include decreased prolif-
eration or increased apoptosis of immature ORNs at early
postnatal ages and decreased apoptosis or accelerated mat-
uration at later ages. To explore these possibilities and to
quantify these changes, the total number of cells in the
neuronal lineage, neurogenesis, and the level of apoptosis
was determined in WT and nNOS null mice (Fig. 5).
O/E-1 is a transcription factor that is expressed in
postmitotic cells of the ORN lineage (Davis and Reed,
1996; Wang et al., 1997) and is useful to determine the
total number of postmitotic cells in the OE (Chen et al.,
2003; Simpson et al., 2002). In WT OE, O/E-1 staining wasFig. 5. Cell population changes in nNOS null mice OE. (A) In P1W WT OE, O/E
(B) Fewer O/E-1-positive cells were seen in nNOS null mice at P1W. There was no
and nNOS (D) null mice at P2W. At P6W, more O/E-1-positive cells were visualize
of O/E-1-positive cell numbers in WT and nNOS null mice. Thirty sections were c
animals, as epithelial thickness varies with position. Entire coronal sections were
were counted. O/E-1 cell numbers in nNOS null mice were decreased significantl
were found between WT and nNOS null mice at P2W ( P > 0.05). The number of O
with WT animal at P6W ( P < 0.01). (N) Quantification of BrdU-positive cells co
decreased significantly ( P < 0.001) in the OE of nNOS-deficient mice at P1W co
labeled cells between WT and nNOS null mice at P2W. BrdU-positive cells were i
compared to WT. (G–J) At P1W and P2W, no significant differences in numbe
compared to those of WT mice. (K and L) The number of TUNEL-positive cells i
animals. (O) Quantification of TUNEL-positive cells comparing WT and nNOS nu
of TUNEL-positive cells in the epithelium of nNOS null mice compared to that of
was decreased significantly in the OE of nNOS-deficient mice compared to WT. V
Student’s two-tailed t test with samples of unequal variance; **P < 0.01; ***P <
animal from four to five animals in each group. Scale bar = 50 Am.observed throughout the neuronal layers, spacing the apical
layers that contain sustentacular cells (Figs. 5A, C, and E).
Compared to WT, the OE of nNOS null mice contained
fewer O/E-1-positive cells at P1W (P < 0.01; Figs. 5B and
M); however, by P6W this was reversed so that nNOS null
mice displayed significantly more O/E-1-positive cells than
WT (P < 0.01; Figs. 5F and M).
To explore the changes in cell turnover that might
account for these observations, we performed BrdU labeling
to identify proliferating cells (Fig. 5N). At P1W, there was a
62.5% decrease in the number of BrdU-labeled cells OE of
nNOS null mice (69.29 F 4.67) compared to WT animals-1 staining was observed throughout the neuronal layers of the epithelium.
apparent difference in the numbers of O/E-1-positive cells between WT (C)
d in the OE of nNOS KO mice (F) compared to WT (E). (M) Quantification
ounter for each genotype, taking care to sample from the same levels across
counted in each case and then averaged by length. All O/E-1-positive cells
y when compared with WT OE at P1W ( P < 0.01). No significant changes
/E-1-positive cells in nNOS null mice was increased significantly compared
mparing WT and nNOS null mice. The number of BrdU-positive cells was
mpared to WT. There was no significant difference in the number of BrdU-
ncreased significantly ( P < 0.01) in the OE of nNOS-deficient mice at P6W
rs of TUNEL-positive cells in the OE of nNOS null mice was observed
n the OE of P6W nNOS null mice was significantly lower than that of WT
ll mice. At P1W and P2W, there was no significant difference in the number
controls ( P > 0.05). However, at P6W, the number of TUNEL-positive cells
alues are reported as the mean F SEM. P values were calculated using the
0.001. For each graph, n represents the number of counts, 10 sections per
Fig. 6. OMP and NST immunohistochemistry in the OB from adult WT and
nNOS null mice. OMP immunostaining was similar, both in distribution
and in intensity, in adult WT (A) and null mice (B). (C) NST-positive
dendrites were well organized in WT mice. (D) NST-positive processes
penetrated the glomerular layer further in nNOS null mice, often extending
to the olfactory nerve layer. Scale bar = 50 Am. (E) Glomerular sizes were
determined by measuring the area of individual glomeruli (Student’s t test).
No significant changes were found between WT and nNOS null mice ( P >
0.05). For the graph, n represents the number of counts, 10 sections per
animal from four to five animals in each group.
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difference between the number of BrdU-labeled cells in
nNOS null mice and WT at P2W (Fig. 5N). Interestingly, by
P6W, the number of BrdU-labeled cells in nNOS null OE
(53.89 F 1.44) showed a significant increase compared to
WT (38.22 F 0.37, 141% of WT; P < 0.01). These results
suggested that the decrease in immature neuronal precursors
seen at early postnatal ages was due to the significantly
decreased proliferation in nNOS null mice. In contrast,
proliferation of neuronal precursors was increased in the
adult OE in nNOS-deficient mice.
To assess whether nNOS deficiency affected apoptosis,
TUNEL labeling was performed. Fragmentation of nuclear
DNA is a mark of apoptosis in many cell types including
neurons (Borras et al., 2000). At P1W and P2W, there were
no significant differences in numbers of TUNEL-positive
cells in the OE of nNOS null mice compared to those of WT
mice (P > 0.05) (Figs. 5G–J and O). However, the number
of TUNEL-positive cells in the OE of P6W nNOS null mice
was significantly lower than that of WT animals (Figs. 5K,
L, and O). These data suggest that the increased number of
mature ORNs seen in adult nNOS null mice could be
accounted for by increased neurogenesis and decreased
apoptosis. Taken together, these results indicate that the role
of nNOS changes as the localization of nNOS changes with
development.
Glomerular organization is affected by nNOS deficiency
The dramatic decrease in the proliferation of neuronal
precursors seen in nNOS null mice at P1W can be
explained if nNOS acts as an autocrine or paracrine
neuroproliferative factor. However, the increase in the
numbers of mature OMP-expressing neurons in the adult
nNOS null mice suggests a problem extrinsic to the OE, as
at this age nNOS expression is restricted to PG cells in the
OB (Fig. 1) (Roskams et al., 1994). We therefore exam-
ined the OBs of P6W mice obtained from WT and nNOS
null mice (Fig. 6).
In the WT OB, OMP immunostaining identified nerve
fiber and glomerular staining as previously reported (Fig.
6A) (Verhaagen et al., 1990a,b). A similar distribution of
OMP immunoreactivity was seen in the OBs of nNOS null
mice, although the glomeruli in general appeared larger,
consistent with the increase in OMP immunoreactivity seen
in the OE (Fig. 6B). In the OB in WT mice, NST
immunostaining identified dendritic processes, most likely
originating from mitral and tufted cells, as they entered the
glomerular layer (Fig. 6C). In nNOS-deficient mice, these
NST-positive processes penetrated the glomerular layer
further, often extending to the olfactory nerve layer (Fig.
6D). Although there was an increase in glomerular size in
null mice compared to WT (12%), statistical analysis
revealed that this change was not significant (Fig. 6E).
These findings suggested that the major effect of nNOS
deficiency was a disturbance of dendritic growth andperhaps glomerular morphology, affecting either synapse
formation or maintenance.
We therefore performed double labeling immunofluores-
cence for OMP and synaptophysin to evaluate glomerular
maturation and the organization of the glomerulus (Fig. 7).
Synaptophysin is a synaptic vesicle protein that provides a
marker of synaptic distribution in the brain (Bergmann et al.,
1993; Ovtscharoff et al., 1993). Immunohistochemistry for
synaptophysin is sensitive to subtle changes in synaptic
distribution (Morys et al., 1998). Glomerular distribution of
synaptophysin is known to be particularly sensitive to early
olfactory experience (Johnson et al., 1996). The glomerulus
is organized into subcompartments (Pinching and Powell,
1971; Shepherd, 1972). Axonal subcompartments comprise
groups of ORN axons that form islands interspersed with
dendritic subcompartments that contain connections be-
tween mitral cells and PG cells (Kasowski et al., 1999;
Tanaka et al., 1999). These images (Fig. 7) obtained by
confocal microscopy permit the comparison of the devel-
opment of OMP islands (the axonal subcompartment) in
WT and null mice.
OMP immunostaining was visualized within the glomer-
uli of P6W mice as anticipated (Fig. 7A). OMP islands
forming in the axonal subcompartment were detected in
both phenotypes (Figs. 7A and B). We performed synapto-
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tion in the OB (Figs. 7C and D). Synaptophysin immuno-
reactivity appeared to be denser in the glomeruli of nNOS
null mice, suggesting that synaptic regions were not as well
defined in the null mice (Figs. 7C and D). The axonaltermination subcompartment was visualized by colocaliza-
tion of OMP and synaptophysin (Figs. 7E and F). Colocal-
ization of OMP and synaptophysin appeared decreased in
nNOS null mice (Figs. 7E and F). This colocalization also
revealed in fact that synaptophysin was observed in a
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OMP immunoreactivity in null mice compared to WT.
Colocalization was analyzed by correlating (in graph for-
mat) the OMP or synaptophysin pixelization for WT (Fig.
7G, green) and null (Fig. 7H, red) mice and then overlaying
these distributions (Fig. 7I, yellow). There was a smaller
correlation of OMP or synaptophysin co-immunoreactivity
in the null mice (Fig, 7I, red) than in the WT (Fig. 7I,
green), confirming the decrease in colocalization between
OMP and synaptophysin.
Confocal double immunofluorescence was also per-
formed using antibodies to NST (visualized as red) or
OMP (visualized as green) to confirm the disorganization
of the axonal and dendritic subcompartments (Figs. 7J and
K). Immunostaining of WT OB revealed discrete subcom-
partment of OMP (visualized as green) and NST (visualized
as red) immunolabeling (Fig. 7J), while null mice displayed
diffuse and disorganized staining (Fig. 7K).
Synaptic connectivity is affected in the OB nNOS deficiency
The axons of the ORNs project to the glomerular layer in
the OB, where they form synapses with the dendrites of
mitral or tufted neurons (Kasowski et al., 1999). The
integrity of these synapses can be monitored indirectly by
determining the expression of tyrosine hydroxylase (TH)
(Smith et al., 1991). Expression of TH is subject to activity-
dependent regulation in the OB. TH is expressed in PG
neurons and is down-regulated after either deafferentation or
naris closure and is up-regulated upon reafferentation (Bak-
er et al., 1983, 1993; Cho et al., 1996; Kawano, 1982; Nadi
et al., 1981). Thus, bulbar TH expression can reflect afferent
stimulation of the OB.
To investigate the integrity of the ORN-mitral cell sy-
napses, we performed immunohistochemical analysis of TH
expression at different developmental times (Fig. 8). Both
cells and fibers displayed prominent expression of TH in the
OB of WT mice (Figs. 8A, C, and E). In nNOS null mice,
TH immunostaining was reduced in the majority of glomer-
uli in the OBs in all three different age groups (Figs. 8B, D,
and F). This appeared to involve both a reduction in the
numbers of TH-positive cells and in the density of TH
immunostaining in the neuropil of the glomeruli. Double
immunolabeling for OMP and TH was performed to quan-
tify the numbers of TH-positive cells in both genotypes.
Although the overall size and shape of the glomeruli wereFig. 7. Morphology of glomeruli in the OB of adult WT and nNOS null mice. OM
mice (A and C, respectively) and nNOS null mice (B and D, respectively). OMP
(E and F) OMP or synaptophysin confocal double staining (OMP: green; synaptop
was seen in nNOS null mice (F) than in WT animals (E). Immunostaining for syna
devoid of OMP immunoreactivity in null mice compared to WT. (G, H, and I) Di
(H) mice and overlaying these distributions (I). Overlap is shown by yellow sign
observed in the null mice (I, red) than in the WT (I, green). (J and K) Confocal do
(J) Immunostaining of WT OB revealed discrete subcompartment of OMP (g
disorganized staining. Scale bar = 50 Am.preserved, the OBs of nNOS null mice displayed signifi-
cantly decreased numbers of TH-positive cells and fibers
(Figs. 8G and H). Quantification of the TH-positive neurons
in the adult WT and nNOS null mice revealed significant
decrease upon nNOS deficiency (P < 0.01; Fig. 8I).
Collectively, these results indicate that nNOS contributes
to the formation of the OB and to synaptic integrity in the
adult where it is localized to PG cells.
cGMP immunostaining is reduced in the OE and OB of
nNOS null mice
A major mediator of the actions of nNOS is cGMP,
generated in response to the activation of soluble guanylyl
cyclase by NO that is generated by nNOS (Bredt and
Snyder, 1989; Bredt et al., 1990). To determine whether
cGMP is actually reduced in the OE and OB of nNOS null
mice, as would be expected if nNOS stimulates cGMP
production, cGMP immunohistochemistry was performed
(Fig. 9). Given the inability to dissect epithelium away from
submucosa and other regions of the turbinates, as well as the
multiple mechanisms for generating cGMP, which include
the activation of soluble guanylyl cylcases by both CO and
NO, and the activation of particulate guanylyl cyclases by
many ligands, including odorants (Moon et al., 1998),
neither Western blots nor radioimmunoassay could be
utilized to establish the absolute levels of cGMP in the
restricted compartment representing the OE or the glomeruli
in the OB.
Sections of OE from WT and nNOS null mice of dif-
ferent ages were immunostained using an antibody against
cGMP (de Vente et al., 1989; De Vente et al., 1998), as we
have previously reported (Chen et al., 2003). In the OE of
P1W WT mice, cGMP was detected in the cilial, middle,
and high cell body layers, in axon bundles of ORNs, and in
sustentacular cells (Fig. 9A) consistent with our previous
reports (Chen et al., 2003). cGMP immunostaining was
reduced in ORNs of nNOS null mice at P1W (Fig. 9B).
cGMP immunostaining was reduced in the cilial layer and
reduced in all but the most apically located mature ORN cell
bodies. A similar reduction in cGMP immunostaining was
seen in the glomerular layer of nNOS null mice at this age
(Figs. 9C and D). This difference in cGMP immunostaining
persisted at P2W, although the difference between WT and
null OE was not as pronounced (Figs. 9E–H). By P6W,
when nNOS is no longer expressed in the OE, there wasP and synaptophysin immunostaining visualized glomeruli in the OB of WT
islands were present in both, but were consistently larger in the null mouse.
hysin: red). Less co-localization of OMP or synaptophysin immunostaining
ptophysin was observed in a greater number of sub-compartments that were
stribution of OMP and synaptophysin immunostaining for WT (G) and null
al. A broader distribution of OMP or synaptophysin immunostaining was
uble immunofluorescence for OMP (green) and NST (red) immunolabeling.
reen) and NST (red) immunolabeling. (K) Null mice displayed diffuse
Fig. 8. Developmental expression of TH in OB of nNOS null and WT mice. (A, C, and E) TH was expressed in intrinsic PG cells; both cell bodies and fibers
displayed TH immunoreactivity in the OB of P1W (A), P2W (C), and P6W WT (E) mice. (B, D, and F) TH immunostaining was reduced in the glomeruli of
nNOS null mice. (G and H) Double labeling immunofluorescence for OMP (green) and TH (red) was used to quantify TH-positive cells in WT and nNOS null
mice (I). The number of TH-positive cells was decreased significantly in nNOS null mice ( P < 0.01). Values are reported as the mean F SEM. P values were
calculated using the Student’s two-tailed t test with samples of unequal variance; **P < 0.01. For each graph, n represents the number of counts, 10 sections per
animal from four to five animals in each group. Scale bar = 50 Am.
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null OE (Figs. 9I and J). Notably, cGMP immunostaining
was increased at this age in both WT and null mice
compared to earlier ages. However, cGMP immunostainingwas still reduced in the glomerular layer of the OB in the
null mice compared to WT (Figs. 9K and L). These data
indicate that cGMP immunostaining is reduced in the OE
and OB of nNOS null mice at developmental times that
Fig. 9. cGMP immunostaining in the OE and OB of WT and nNOS null mice. cGMP immunostaining was observed in ORN cell bodies in the OE at P1W
(A), P2W(E), and P6W (I) and in the olfactory nerve layer (onl) and glomerular layer (gl) at P1W (C), P2W (G), and P6W (K) in WT mice. In the OE, cGMP
immunostaining was reduced in ORN cell bodies at P1W (B) and P2W (F), but appeared similar to WT by P6W (J). cGMP immunostaining appeared to
decrease progressively in the glomerular layer of nNOS null mice with age: P1W (D), P2W (H), and P6W (L). Dashed black lines indicate the position of the
basal lamina in A, B, E, F, I, and J. Scale bar = 50 Am.
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Thus, nNOS deficiency affects second messenger levels in
the OE and OB and may contribute to the phenotype
observed.Discussion
In this study, we use developmental expression pattern of
nNOS and the phenotype of the nNOS null mice to study
the NO functions during the development of the olfactory
system and in the adult. We have shown that during
embryonic (Roskams et al., 1994) and early postnatal
development, when nNOS is expressed in neuronal precur-
sors, nNOS functions as an autocrine or paracrine factor to
promote the proliferation of these cells. In the adult, when
nNOS is restricted to periglomerular interneurons in the OB,
nNOS influences glomerular organization and connectivity.
cGMP immunostaining is reduced in the OE and in the OB
of nNOS null mice at early postnatal ages and in the adult,
respectively, supporting a role for cGMP in both neuro-
genesis and synaptogenesis.
The alteration in the turnover of the ORN population
(proliferation and cell death) seen in nNOS null mice
directly supports a role for nNOS in the proliferation of
neuronal precursors during ermbryogenesis and in the early
postnatal period. BrdU incorporation is reduced in neuronal
precursors, and the number of cells in the ORN lineage is
concomitantly decreased within the OE when nNOS is
deficient. The decrease in BrdU-positive cells is not the
result of increased apoptosis of neuronal precursors, asTUNEL labeling is unaffected. Therefore, at this early
age, nNOS does not affect the survival of neurons or their
precursors. The decreased proliferation observed in the
nNOS null mice correlates with the pattern of expression
of nNOS. Thus, at P2W, when nNOS expression diminishes
within developing neurons in the WT, BrdU incorporation
and the number of O/E-1-positive cells normalize in nNOS
null mice. Actually, as nNOS expression in ORNs decreases
in the postnatal period, the rate of neurogenesis is reduced in
the WT animals and becomes indistinguishable from that
seen in the null mice. This most likely occurs because other
factors assume a regulatory role in neurogenesis in the later
postnatal period, allowing the OE in null mice to compen-
sate and repopulate the precursor population (Calof et al.,
1996b, 1998; Satoh and Yoshida, 1997; Simpson et al.,
2003). TUNEL labeling of cells in the OE is affected at
P6W, a time when nNOS expression is restricted to PG
cells. This suggests that nNOS assumes a role as a target-
derived factor that regulates synapse formation or mainte-
nance to regulate the number of neurons in contact with the
bulb. Alternatively, the decrease in TUNEL labeling ob-
served could be compensatory as a result of the decreased
neurogenesis seen earlier in an attempt to increase neuronal
numbers. However, the intervening period (P2W) at which
time neurogenesis and TUNEL labeling are unaffected and
the abnormal morphology seen in the bulb make this a less
likely possibility.
Neurogenesis does not only occur during embryogenesis
but continues in the olfactory epithelium throughout the life
span of the organism (Calof and Chikaraishi, 1989). How-
ever, the level of neurogenesis does change over time.
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late the OE while a lower level of neurogenesis is required
to replace senescent ORNs in the adult (Calof et al., 1996a;
Huard and Schwob, 1995). nNOS appears to play a role in
proliferation only during the developmental phase. NO is a
potent activator of soluble GC (Van Wagenen and Rehder,
2001) and as such may not be suitable to mediate the
proliferative cues associated with the routine replacement
of neurons. Factors that are less potent activators of soluble
GC are expressed, such as heme oxygenases, which we have
shown promote neurogenesis in the adult OE (Chen et al.,
2003). Interestingly, nNOS expression is up-regulated after
lesioning of the OB, a time when proliferation is up-
regulated (Roskams et al., 1994).
The role of NO has also been investigated in other
phases of neuronal development (Brenman and Bredt,
1997; Cramer et al., 1996; Gibbs and Truman, 1998; Kalb
and Agostini, 1993; O’Dell et al., 1994; Roskams et al.,
1994; Williams et al., 1993; Wu et al., 1994). Several
studies have suggested that NO may play a role in regu-
lating neurite outgrowth and in the refinement of connec-
tions (Hess et al., 1993; Hindley et al., 1997; Poluha et al.,
1997). Reports ranged from more subtle effects, such as
increases and decreases in neurite outgrowth, to full growth
cone collapse (Hess et al., 1993; Hindley et al., 1997;
Kafitz et al., 2000; Renteria and Constantine-Paton, 1996;
Rialas et al., 2000; Van Wagenen and Rehder, 1999, 2001).
These divergent results may be because these studies
employed different cell types as well as various concen-
trations of NO donors and various methods of modulating
nNOS activity.
In the olfactory system, nNOS expression switches from
within neuronal precursors to PG cells postnatally. This
pattern of expression permits analysis of the consequences
of nNOS deficiency when expression is restricted to the
perisynaptic region. Glomeruli in the OB are highly orga-
nized structures within which axons of ORNs form excit-
atory synaptic connections with the dendrites of mitral or
tufted cells, the output neurons of the main OB (Jastreboff et
al., 1984; Shepherd and Greer, 1990). This contact between
sensory axons and their target is critical for the development
and maintenance of normal neural circuits. Previous works
indicates that removal of afferent contact to the OB affects
bulb organization, neurophenotypic expression, and cell
survival (Leo et al., 2000). Mitral and tufted cells send their
primary dendrites into glomeruli and secondary dendrites in
the external plexiform layer. PG cells also send dendrites
into glomeruli. Several immunohistochemical studies indi-
cate that there are different types of PG cells with specific
structural features (Kosaka et al., 1998). nNOS is expressed
in a subset of these interneurons. It is reported that nNOS-
positive neurons in the periglomerular region of the olfac-
tory bulb are GABAergic (Crespo et al., 2003). GABAergic
PG cells include two different groups of neurons: (1) a
group of dopaminergic PG, which are TH immunopositive;
and (2) a group of nondopaminergic, TH-immunonegativePG. By nNOS and TH double staining, we found that
nNOS-positive neurons and TH-positive neurons were in
different PG cells. This is in concordance with some other
study that no colocalization of dopaminergic and NADPH-
diaphorase activity is observed in PG cells at any stage of
development (Samama and Boehm, 1996).
nNOS deficiency results in a decrease in TH-positive
cells, indicating that synaptic connectivity is compromised
(Goheen et al., 1996; Nadi et al., 1981). Synaptophysin
immunoreactivity increased in the glomeruli of nNOS null
mice, and colocalization of OMP and synaptophysin
appeared decreased in nNOS null mice. These results
suggest that synaptic regions were not as well defined in
the null mice. Glomerular structure is disrupted; specifi-
cally, the dendritic and axonal termination subcompart-
ments are disorganized. We hypothesize that the absence
of nNOS from interneurons in the OB disrupts target-
derived signaling, leading to secondary changes in the
OE. BrdU labeling and the number of cells present in
the neuronal lineage are increased in the OE of nNOS null
mice in the adult, while the number of apoptotic cells is
significantly decreased. This decrease in apoptotic cells
when nNOS is absent suggests that NO participates in
generating retrograde signals that maintain homeostasis
within neuronal populations in the OE. Thus, normal
target-derived signals are not provided to signal that
adequate numbers of ORNs are present and in contact
with the OB, which would normally temper neurogenesis
(Calof et al., 1996b; Farbman, 1990; Simpson et al., 2003).
The lack of appropriate retrograde signaling may trigger
compensatory neurogenesis. Another possibility might be
secondary effect of neuron loss from early deficits in
neurogenesis. Thus, NOS-independent mechanisms could
regulate apoptosis and cell proliferation to compensate for
an early loss of neurons.
What are the cellular interactions whereby NO within
glomeruli might influence morphology and connectivity?
Gibbs and Truman (1998) have shown that blockade of
NOS activity in Drosophila leads to disorganization of the
projection of photoreceptor axons into the optic lobe.
Inhibition of NO signaling early in development results in
arborization of dendrites of serotonin-immunoreactive neu-
ron and abnormal antennal lobes in Manduca sexta (Gibson
et al., 2001). In the retinotectal pathway of the chick, NOS
blockade results in the retention of an ipsilateral pathway
that is normally removed via NMDA-dependent mechanism
(Wu et al., 1994). Since NO has been demonstrated to
mediate growth cone collapse, it has been suggested that
an NO ‘‘stop signal’’ may maintain initial contacts between
ingrowing dendrites and their postsynaptic targets (Hess et
al., 1993; Renteria and Constantine-Paton, 1996). In this
study, the activity-dependent release of NO within the PG
cells appears to participate in the signaling needed for
ingrowing dendrites of mitral or tufted cells to cease growth
near the PG cells and influences synapse formation or
refinement and organization of the subcompartments of
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OB is disturbed.
The reduction of cGMP immunostaining in the ciliary
layer and cell bodies of ORNs in nNOS null mice is the
direct evidence that NO mediates a significant portion of
cGMP production in vivo. Another study (Markerink-Van
Ittersum et al., 1997) indicates that sGC is responsible for
75–80% of the cGMP levels in the brain. This suggests
that NOS-mediated sGC activation may account for a
significant portion of cGMP production in the olfactory
system as well. Our data that targeted deletion of nNOS
decreased cell proliferation and cGMP production in the
OE during early postnatal development suggest that acti-
vation of NOS leads to the production of NO and cGMP to
contribute to early postnatal neurogenesis in the OE. cGMP
immunostaining is also reduced in the glomeruli of nNOS
null mice. A number of studies suggest that the NO
pathway plays roles in the promotion of neurite outgrowth
in the hippocampal neurons in a cGMP-dependent manner
(Hindley et al., 1997), in the patterning of connections from
photoreceptors to the optic lobe in Drosophila (Gibbs and
Truman, 1998), and in regulation of synaptic transmission
between olfactory nerve fibers and their targets in OB
glomeruli (Murphy and Isaacson, 2003). These data indi-
cate roles for cGMP in both neurogenesis and in supporting
synaptic connectivity in the olfactory system. Collectively,
these findings suggest that spatial expression patterns must
be taken into consideration when evaluating the role of
nNOS in various neurodevelopmental processes. This is
especially true when using in vitro models in which
exogenously administered reagents are used to evaluate
the effects of NO or cGMP.Acknowledgments
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